In a sequence of temperature-dependent solid-state reactions in the system CaO- More than 50 years after its first observation our investigation clarifies the crystal structure of a compound belonging to a system that is of relevance for several fields of materials science. 
limiting binary systems. Surprisingly, they found no indication for the existence of a real ternary compound. This finding was later corrected by Welch 1 4 MgO 10 (or C 3 A 2 M, using the nomenclature of technical mineralogy) was described to be a stable phase. Furthermore, Majumdar gave a basic crystallographic description based on powder diffraction data suggesting that Ca 3 Al 4 MgO 10 has orthorhombic symmetry (possible space groups Pbma or Pba2 1 ) with a = 16.77, b = 10.72, and c = 5.13 Å. These diffraction data were used for creating the entry no. 17-0737 of the PDF-4 Powder Diffraction File database issued by the International Centre for Diffraction Data (ICDD), which is a primary source for phase analysis in ceramic systems.
In the course of a systematic study on the so-called quaternary or "phase Q", Ca 20 Al 32-2x Mg x Si x O 68 , Hanić et al 16 obtained a side product named "phase X" whose lattice parameters were similar to those listed by Majumdar. 15 Although no structure analysis on phase X was performed, Hanić et al 16 sketched a graphical model how the structure could principally look like. Dódony and Buseck 17 investigated members of the Ca 20 Al 32-2x Mg x Si x O 68 solid-solution series using high-resolution transmission electron microscopy (HRTEM) and pointed out that it can be explained from a polysomatic intergrowth of gehlenite and "phase X"-or Ca 3 Al 4 MgO 10 -modules. Since (a) no X-X repetitions were observed in the HRTEM images and (b) no experimentally verified structural details of phase X had been reported so far, the authors presumed that Ca 3 Al 4 MgO 10 does not form as a pure phase, which clearly contradicts the earlier results of Majumdar. 15 The aims of the present contribution were (a) to resolve the above-mentioned discrepancy and (b) trying to answer the more than 50 year old question concerning the structural characteristics of Ca 3 Al 4 MgO 10 . Aside from aspects related to fundamental research the results may be also of importance for the field of applied mineralogy. Only recently, Ca 3 Al 4 MgO 10 has been claimed to occur in experiments conducted to study the crystallization path of modified CaO-Al 2 O 3 top slags. 18 
| EXPERIMENTAL PROCEDURES
Starting materials for a total of 5 g of Ca 3 Al 4 MgO 10 were based on stoichiometric mixtures of CaCO 3 (Merck, >99.95%), γ-Al 2 O 3 (Alfa Aesar, 99.997%), and MgO (Alfa Aesar, 99.998%). Before weighing on an analytical balance, the first two reagents were dried at 300°C for 19 hours.
Since magnesia is known to be gradually hydrated to Mg (OH) 2 after longer storage periods (even if the container has been always closed immediately after use in order to reduce the contact time with air of normal humidity), the material taken from the bottle was preheated at 800°C for 5 days. A planetary mill operated at 600 rpm was used for homogenization for 45 minutes under ethanol. The resulting slurry was dried for 2 days at 50°C to remove the alcohol completely and subsequently stored in a desiccator.
In order to obtain a first idea about the high-temperature characteristics of the mixture, 26.59 mg were studied using simultaneous differential thermal and thermogravimetric analysis (DTA-TGA). The experiment was performed in a Setaram SetsysEvolution 2400 apparatus using a TGA-DTA 1600 sample holder equipped with Pt/Pt 90 -Rh 10 thermocouples and 100 mL Pt crucibles. The carrier gas (helium) flow was set to 20 mL/min. The temperature program contained a heating ramp of 5°C per min. from room temperature to T max = 1500°C.
For the solid-state reactions, about 0.5 g of the educts were pressed into pellets each having a diameter of 12 mm and a thickness of about 2-3 mm. Single pellets were transferred into lid-covered platinum crucibles and placed into a resistance-heated chamber furnace. The samples were fired from about 100°C with a heating ramp of 50°C/h to the respective maximum temperatures, annealed for various periods of time and finally quenched in air. Weight losses were determined from weight differences before and after heating. For some experiments regrinding of the sintered pellets, pressing and firing were repeated for 2 times. In these cases the pellets were directly placed in the preheated furnace at T max .
After each heat treatment the evolution of the phase content was checked qualitatively and quantitatively by Xray powder diffraction using a part of the sample material from the solid-state reactions. Data were acquired on a Bruker D8-Discover diffractometer using a Cu-tube operated at 40 kV and 40 mA. The device is equipped with a primary beam Ge-monochromator and a LYNXEYE TM silicon strip detector. Data were collected in Bragg-Brentano θ-2θ geometry at ambient temperature in the range between 3-90°2θ with a counting time of 1s per step and a step size of 0.01°2θ. A fixed 0.3°divergence slit as well as primary and secondary Soller slits were used. Qualitative phase analysis was performed using the current version of the PDF-4 Powder Diffraction File database. Quantification of the crystalline synthesis products was based on the Rietveld method implemented in the programs TOPAS Version 4.2 19 and FullProf2.k.
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A larger fragment retrieved from the solid-state reaction experiment at 1300°C (second cycle) was embedded in epoxy resin and polished with diamond paste (3 and 1 μm grain size) for chemical analysis with an electron microprobe (JEOL JXA 8100 Superprobe) operated in wavelength-dispersive mode. Sample preparation was not straightforward since the grains showed a tendency to pullout from the bond matrix, ie, the surfaces were rather perforated. Measurements were performed with an acceleration voltage of 15 kV, a beam current of 10 nA and counting times of 20 seconds (on peaks) and 10 seconds (for background on each side of the peaks), respectively. For calibration of calcium, aluminum, and magnesium standard specimens of diopside (Ca-K α ), corundum (Al-K α ), and periclase (Mg-K α ) were used. The intensities obtained were corrected for electron scattering, absorption, and fluorescence radiation (so-called ZAF correction).
For a more detailed structural characterization of the colorless transparent product, some larger fragments of the solid-state reactions at 1300°C were slightly crushed in an agate mortar for further optical investigations using a polarizing binocular. Under crossed polarizers, intensively intergrown birefringent crystals could be readily identified. Several larger samples with diameters between 100 and 150 μm were mounted on the tip of thin glass fibers using epoxy resin and further screened on a laboratory singlecrystal diffractometer. However, the diffraction patterns clearly showed a superposition of many reciprocal lattices, precluding the use of these samples for structural analysis. Therefore, we finally decided to focus on the fraction of smaller crystals with maximum diameters of about 50 μm and to collect single-crystal diffraction data at the X06DA beamline of the Swiss Light Source, Paul Scherrer Institute, Villigen, Switzerland. Actually, the usage of synchrotron radiation offers not only much higher photon fluxes when compared with laboratory instruments but also superior resolution which is a definite advantage when dealing with intergrown samples. Diffraction experiments were performed at 25°C using the DA+ acquisition software 21 and a Pilatus 2M-F detector. The wavelength was tuned to 0.70848 Å (=17.5 keV). The detector was placed 80 mm from the sample resulting in a maximum resolution of 0.7 Å. 1800 frames were recorded using a fine-sliced (0.1°) ω-scan with 0.1 s per frame. (1) 14 (1) T(2) Al: 70%,Mg: 30% 1302 (2) −293 (1) 7500 12 (1) T(3) Al: 96%,Mg: 4% 2503 (1) 1665 (1) 7500 11 (1) T(4) Al: 94%,Mg: 6% 3105 (1) 2500 5000 11 (1) Ca (1) 8098 (1) 1090 (1) 5758 (1) 14 (1) Ca (2) 7888 (1) 2074 (1) 2500 20 (1) O (1) 5854 (3) 1674 (1) 7500 14 (1) O (2) 802 (3) 753 (1) 7500 16 (1) O (3) 4665 (4) −626 (1) 7500 23 (1) O (4) 1042 (2) 2156 (1) 6207 (1) 14 (1) O(5) 5000 0 5000 21 (1) O (6) 4893 (3) −1726 (1) 5554 (1) 18 (1) O (7) −240 (3) −775 (1) 8834 (1) 29 (1) well as an empirical absorption correction. The sample showed orthorhombic Laue symmetry with a = 5.14073 (8) 
| Chemical analysis
The backscattered electron (BSE)-image of a characteristic region of a fragment of the sample fired at 1300°C (cycle 2) is presented in Figure 1 . Based on the gray-values three phases can be clearly discriminated indicating the multiphase character of the sample. For each phase a total number of 10 spots in various areas of the sample with sufficient surface quality were analyzed. 
| Thermal analysis and solid-state reactions
The results of the thermal analysis experiments (see Figure 2) can be summarized as follows: upon heating the decomposition of calcium carbonate is indicated by a pronounced step in the TGA-signal combined with a strong endothermal DTA-signal. The resulting total weight loss compares well with the expected changes due to carbon dioxide release (onset: 667°C; peak maximum: 730°C). The very intense second endothermal effect (onset: 1330°C, peak maximum: 1398°C) is related to the formation of melt. Ca (2) 
| 2087
The phase content of the samples obtained from the solid-state reactions as determined by powder X-ray diffraction is summarized in Table 5 . Weight losses for the respective first burning cycles were close to the theoretical value of 24.25 wt.-% expected for a complete disintegration of the carbonate. The first synthesis experiment performed at 1200°C showed a complex multi-phase assemblage containing unreacted educts (M, C) as well as a total of five other crystalline compounds. This clearly demonstrates that the sample is far away from equilibrium. It represents an intermediate state of subsequent and also partially overlapping solid-state reactions. Further firing cycles at this temperature reduced the number of phases present. However, even after an annealing time of 7 days (cycle 3) no indications for formation of Ca 3 Al 4 MgO 10 (C 3 A 2 M) could be found. First characteristic peaks of this phase were observed in the 1300°C experiments. Although the C 3 A 2 M-content increased significantly between the first and second cycle, C 12 A 7 is still the major compound at 1300°C. Increasing the synthesis temperature by another 20°C has a drastic effect on the phase assemblage. After the first treatment at 1320°C the sample already contained 70 wt.-% of C 3 A 2 M. With two further cycles a final yield of about 85 wt.-% of C 3 A 2 M could be obtained (see Figure 3) . Since the incongruent melting point of a mixture with a C:A:M ratio of 3:2:1 is about 1330°C (see DTA results), no further runs at higher temperatures have been performed. In summary one can say that (a) a reaction temperature of 1200°C was not sufficient to produce C 3 A 2 M, (b) a high-yield sample of C 3 A 2 M could be obtained at 1320°C and (c) periclase (M) is an especially persistent starting material and could be still found even at the highest reaction temperatures.
| Crystal structure
The crystal structure of Ca 3 Al 4 MgO 10 can be described as a 3-D network with four symmetrically different cornersharing (Al,Mg)O 4 -tetrahedra around the central atoms T (1)-T(4). Allocation of the cation species Al and Mg to specific tetrahedrally coordinated sites was based on the following procedure. The differences in scattering power between Al and Mg for X-rays are very small and, therefore, they can be hardly distinguished using this probe. Consequently, in the initial site-occupancy refinements the magnesium content was completely neglected. The total scattering densities on the different T-positions were determined using the atomic scattering factors of aluminum in combination with a refinement of the individual site occupancies. For further more detailed assignments of the Al/ Mg to the T-sites the program OccQp 28 implemented in the T (4) 14 (1) 7 (1) 10 (1) 1 (1) 0 0 Ca (1) 15 (1) 15 (1) 13 (1) 0 (1)
Ca (2) 20 (1) 12 (1) 28
O (1) 14 (1) 15 (1) 14 (1) 0 0 0 (1) O (2) 18 (1) 13 (1) 16 (1
O (3) 23 (1) 27 (1) 17 (1) 0 0 1 (1) O (4) 15 (1) 15 (1) 13 (1) 3 (1)
O (5) 25 (1) 16 (1) 22
O (6) 19 (1) 15 (1) 18
O (7) 22 (1) 45 (1) 20 (1) Table 2 .
The tetrahedral framework contains cavities in which two crystallographically independent calcium ions (Ca(1), Ca(2)) are incorporated (see Figure 4A and B). They are coordinated by six and eight nearest oxygen neighbors, respectively. The coordination polyhedra about Ca(1) and Ca(2) can be described as distorted octahedra and square antiprisms, respectively. Bond valence sum calculations based on the parameter sets of Brown (2) is too small for its coordination environment defined by the framework.
Concerning the average T-O values (see Table 3 ) two groups can be distinguished: T(1),T (2) 32 for silicates these linear elements could be described as mixed-branched vierer single-chains (see Figure 5A ). Condensation of adjacent Figure 5B) .
From a topological point of view the framework contains three- (T(3) ), four-(T(4)), and five-(T(1),T(2)) connected tetrahedra. A further interesting feature of the net is the presence of an O [3] [1] ) and simple bridging (O [2] ) oxygen atoms have been observed. In the present structure the oxygen atoms O(1) and O(2),O(4), O(5), O(6), O(7) belong to these two groups. Notably, O(3) is exclusively involved in O-T bonds with the two tetrahedra having higher magnesium contents. Bond valence sum calculations for O(3) including the bonds to the relevant surrounding Tsites and a further Ca(2) atom at a distance of 2.759 Å show that the resulting value of 2.02 valence units is in excellent agreement with the expected value corresponding to the formal valence of the anion. In order to characterize the framework in more detail a topological analysis has been performed using the program TOPOS4.0. 33 Therefore, the whole crystal structure is described by a graph composed of the vertices (sites of the Al/Mg and O atoms) and edges (bonds) between them. The nodes of the graph can be classified according to their coordination sequences {N k }. 33 They represent a set of inte- values for the symmetrically independent Al/Mg-sites up to n = 10 (without the oxygen nodes) are summarized in Table 6 . Furthermore, the corresponding extended point symbols 34 listing all shortest circuits for each angle for any nonequivalent atom have been determined. As expected, the circuit structure at the three-connected node T(3) is very simple and involves three different five-membered rings only. The comparison between the calculated powder diffraction pattern of Ca 3 Al 4 MgO 10 based on our model and the experimental data from the literature is presented in Figure 7 . The consistency is satisfactory. Remaining differences may be explained when looking in more detail on the original data of Majumdar. 15 The observed intensities were given on a rather coarse scale, which was subsequently transformed into coarse intensity steps of 5, 20, 40, 60, 80, and 100% in the corresponding PDF-entry.
| COMPARISON WITH RELATED STRUCTURES AND DISCUSSION
As mentioned above, mixed-branched vierer single-chains of tetrahedra can be considered as the backbone of the framework structure. Identical structural elements can be found, for example, in the chemically related compound Ca 5 Al 6 O 14. 35 As can be seen in Figure 6 
| CONCLUSION
The present investigation is another example that (a) even in ternary oxide systems of main group elements there are still interesting problems to be solved and (b) detailed crystallographic studies involving single-crystal diffraction can make valuable contributions to unravel the relationships between the coexisting compounds. The combination of chemical analysis and X-ray diffraction studies including more sophisticated approaches for the determination of site occupancies offers new possibilities to investigate solid-solution series in materials of industrial importance even when neighboring elements of the periodic table are involved. In this respect, a reinvestigation of the chemically variable "phase Q" series Ca 20 Al 32-2x Mg x Si x O 68 16 would be also of interest to get a better idea about the distribution of aluminum, magnesium, and silicon on the different T-sites. Returning to the original research question of this paper we can say that Ca 3 Al 4 MgO 10 is not a hypothetical compound that occurs only as a structure module in more complex polysomatic series but exists as pure phase by itself.
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